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A new apparatus lias been constructed for measurements of the thermal conductivity 
of gases up to 500°C and 100-atmosphere pressure. The parallel-plate method was used 
with a spacing of about 0.5 millimeter between the hotplate and coldplate. A capacitance 
method was used to measure the effective spacing and area of the plates under the conditions 
of the experiment. No solid material was used between the plates. The effect of radiation 
was minimized by use of polished silver parts and was accounted for by experiments with the 
conductivity cell evacuated. Measurements on nitrogen were made at 1, 50, and 100 
atmospheres, and from 50° to 500° C. It is believed that the accuracy of the results is 
about 0.5 percent, except at the highest gas densities. 



1. Introduction 

Accurate data on the thermal conductivity of gases 
are needed for two reasons. First, they are needed 
to check present theories of heat conduction in gases. 
Experimental measurements at very high tempera- 
tures and pressures are extremely difficult, so that 
theoretical means of predicting thermal conductiv- 
ities in this range are needed. Second, accurate data 
are needed on at least one gas so that engineering 
data on other gases can be obtained with relatively 
simple apparatus by a comparison method. The 
present apparatus was constructed primarily to fur- 
nish very accurate data for use as standards by 
others making thermal-conductivity measurements 
on gases. Nitrogen was chosen as the first gas to 
be measured for several reasons. More measure- 
ments have been made on nitrogen than on any other 
pure gas. It is readily available in a state of high 
purity and is entirely suitable as a standard reference 
gas for use in calibrating apparatus for relative 
measurements. 

2. Method 

Measurements of thermal conductivity of gases 
in a steady state have been made by two general 
methods, radial heat flow and linear heat flow. 
Most measurements have been made with radial 
heat flow, either from a hot wire or between coaxial 
cylinders. In principle, these measurements are sus- 
ceptible to convection errors. Elimination of these 
errors at the high pressures requires extremely small 
dimensions, which may be difficult to determine. 
The linear heat flow method is free from convection 
if the heat flow is downward. For this reason, the 
parallel-plate method was chosen for these measure- 
ments up to 100 atm. The spacing between the 
plates was made small to minimize the error caused 
by radial heat transfer. In addition, the small spac- 
ing reduces the possibility of convection in case the 
plates are not quite horizontal. 
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The correction for heat transfer by radiation 
between the hotplate and the coldplate was evaluated 
by an experiment with the conductivity cell evacu- 
ated. Of course, this assumes that no appreciable 
part, of the radiation is absorbed by the gas in the 
conductivity experiment. In all the experiments, it 
was necessary to know the effective spacing between 
the plates. Frequently, solid spacers (of known 
dimensions) are used between the hotplate and cold- 
plate. No such spacers were used in this apparatus 
because it was believed that the heat transfer 
through the contact area of the spacers and plates 
might he different with gas present than with the 
cell evacuated. The radiation correction experi- 
ment would thus he partially invalidated. The 
effective spacing was measured by a capacitance 
method under the actual conditions of the experi- 
ment. This method has several advantages over the 
usual method with measured spacers. First, the 
above-mentioned uncertainty in the effect of contact 
is eliminated. Second, the capacitance method 
automatically accounts for any change in dimensions. 
Third, because the direct capacitance between the 
hotplate and coldplate is measured, nonlinear heat 
flow at the circumference of the hotplate is accounted 
for. 

The thermal conductivity, k (w cm" 1 deg C"" 1 ), for 
heat flow between parallel plates is given by the 
equation 

QAX 



k= 



At A 



(1) 



where Q is the rate of heat (watts) flowing only by 
conduction from the hotplate through the gas to the 
coldplate, At is the temperature difference (deg C) 
between the hotplate and coldplate, AX is the 
effective distance (cm) between the two plates, and 
A is the effective area (cm 2 ) of the hotplate. The 
factor AX/A may be considered as the constant of 
the "conductivity cell" determined by the capaci- 
tance method, so that 



0.0885516Q 
CAt ' 



(2) 
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where C is the direct capacitance (micromicro farads) 
between the hotplate and the coldplate, assuming 
the material between the plates to have a dielectric 
constant of unity corresponding to a vacuum. With 
the gas between the plates, a small correction must 
be made for its dielectric constant. The conduction 
equation (2) would apply, of course, to any two 
surfaces, as well as to parallel plates, provided only 
that the temperature and electric fields are geo- 
metrically similar. 



3. Experimental Procedure 

3.1. Apparatus 

The general assembly of the thermal-conductivity 
cell, the pressure vessel, and the surrounding furnace 
is shown in figure 1. The hotplate (H), coldplate 
(J), guard (F), and auxiliary guard (E) are shown 
schematically. The pressure vessel (G) is made of 
stainless steel and is sealed with a Monel gasket (D). 
This vessel is surrounded by a furnace (K) and 
furnace "neck" (C), which are made of aluminum 
and are equipped with electric heaters in numerous 
porcelain tubes in the aluminum. The furnace 
temperature was automatically controlled by means 
of a platinum resistance thermometer and bridge 
circuit. The furnace neck was controlled relative 
to the furnace by means of a thermocouple. The 
pressure vessel extends upward out of the furnace 
region so that the electric leads can be brought out 
of the pressure vessel in a cold region. The cooling 
coil (B) dissipates the heat from the furnace, so that 
the top is cool. The electric leads (all No. 32 gold 
wire) are brought up from the auxiliary guard 
through three Inconel tubes, which serve as electro- 
static shields, as described later. There are 29 of 
these leads, which are brought out of the pressure 
vessel through a pressure seal, A. These leads go 
out radially between two "Kel-F" (polychlorotri- 
fluoroethylene) disks, which are pressed together for 
the seal. 

A number of difficulties were encountered before 
obtaining a successful seal at A. At first, the 
material Teflon (polytetrafluoroethylene) was used, 
but it was found to flow excessively at the high 
pressures necessary for the seal. The method 
finally used for this seal was to mold Kel-F around 
the gold wires at about 200° C. 

The vital parts of the thermal-conductivity cell 
are shown in figure 2. The hotplate (M), coldplate 
(O), guard (E), and auxiliary guard (B) are all made 
of silver to minimize temperature gradients and heat 
transfer by radiation. The hotplate is made of three 
parts, silver-soldered together. The hotplate heater 
(L) is located between the lower parts and consists of 
about 55 ohms (at 25° C) of (0.05-mm diameter) 
platinum wire insulated with mica. Gold leads 
from this heater are brought out through the tem- 
pering region located at H between the upper two 
silver pieces of the hotplate and then to the thermal 
tie-down, F. The purpose of this thermal tie-down 




Figure 1. Thermal-conductivity apparatus. 

A, Pressure seal for electric leads; B, cooling coil; C, furnace neck; D, Monel 
gasket; E, auxiliary guard; F, guard; G, pressure vessel; H, hotplate; J, coldplate; 
K, furnace. 




Figure 2. Thermal-conductivity cell. 

A, C, F, H, P, Thermal tie-downs for electric leads; B, auxiliary guard; D. Q, 
platinum resistance thermometers; E, guard; G, silver screw; J, quartz supports 
for hotplate; K, aluminum insert; L, hotplate heater; M, hotplate; X, quartz 
spacers; O, coldplate. 
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is to bring the leads as close as possible to the tem- 
perature of the silver. This type of tie-down is used 
extensively throughout the apparatus and consists 
of a gold terminal insulated between thin miea disks 
and held down to the silver by a nut threaded on a 
machine screw. The gold terminal is spaced around 
the screw so that it is insulated from it. 

The hotplate is supported by the guard ring at 
three points, using quartz supports (J), so that the 
bottom plane of the hotplate is in the same plane as 
the bottom of the guard ring. Because the co- 
efficient of thermal expension of quartz is lower than 
that of silver, an aluminum insert (K) having a 
higher coefficient than quartz was used with the 
quartz for compensation. The quartz is held tightly 
against the hotplate by the silver screw (G) pressing 
against the aluminum insert. The guard (E) sur- 
rounds the hotplate, except where it is exposed to 
the coldplate. In the vital region near the cold- 
plate, the guard is spaced about 0.5 mm from the 
hotplate. The assembly of the guard and hotplate 
is held about 0.5 mm from the coldplate by three 
quartz spacers (N) between the guard and coldplate. 
In this region, the silver was highly polished to 
reduce heat transfer by radiation. Heaters (not 
shown) are installed in both the guard and coldplate. 

The temperatures of the guard and coldplate are 
measured by using the platinum resistance ther- 
mometers (D) and (Q), respectively, in conjunction 
with a Mueller bridge. These strain -free ther- 
mometers are not sealed. All leads (gold) from 
these two thermometers are thermally tied down at 
C and P, respectively, so that the temperatures of 
the platinum resistance thermometers are not 
affected by heat conduction along the leads. The 
temperature difference between the guard and hot- 
plate is determined by means of a multiple-junction 
thermopile, using four No. 36 Chrome! P-Alumel 
thermocouples in series. This thermopile has one 
set of electrically insulated junctions at F on the 
hotplate and the other set at C on the guard. 

Experiments indicated the desirability of providing 
another thermal tie-down zone for all electric leads 
before they go out from C to the cold region. For 
this purpose, the silver auxiliary guard (B) was used 
with a heater built in to provide the bulk of the heat 
flow up along the electric leads. All three silver 
pieces, (B), (E), and (O), are held together by long 
machine screws fastened in the bottom of the sur- 
rounding pressure vessel. These four pieces are all 
electrically insulated from one another. 

The effective operation of the thermal-conductivity 
apparatus depended upon the proper temperature 
control of the various components. For this pur- 
pose, five automatic thermoregulators were used to 
control the temperatures of the coldplate, guard, 
auxiliary guard, furnace, and the furnace neck. 
These thermoregulators were actuated by thermo- 
couples or resistance thermometers (not the meas- 
uring resistance thermometers), and they consisted 
essentially of "chopper-amplifiers" operating satur- 
able reactors in the heater circuits. The guard was 
maintained at the same temperature as that of the 



hotplate by means of the differential thermopile pre- 
viously mentioned. This temperature control was 
the most important ; it maintained constancy of 
temperature to about 0.001 de^ C The auxiliary 
guard was maintained at the same temperature as 
the guard by a single differential thermocouple. As 
a result of the effectiveness of the thermoregulation 
in the thermal-conductivity apparatus, all the ob- 
servations on the thermal conductivity of nitrogen 
were made by one person. Both the electric power 
in the hotplate heater and the thermocouple readings 
were observed with a precision potentiometer. 

A capacitance bridge was used to measure the 
capacitance between the hotplate and the coldplate. 
This bridge permitted the accurate measurement of 
small direct capacitances, even though relatively 
large capacitances exist between the "ground" and 
the plates. To eliminate, as far as possible, errors of 
measurement in capacitance, a calibrated capacitor 
having about the capacitance of the thermal-con- 
ductivity cell (about 10 ^f) was used as a reference 
and the measurements made by a substitution 
method. In this measurement, the same internal 
capacitance to ground was kept in the bridge circuit, 
so that the capacitance measurement approached 
very closely to the ideal comparative measurement, 
giving an accuracy comparable with the accuracy of 
the calibrated capacitor. Much care was taken to 
avoid significant capacitance between the leads from 
the hotplate and coldplate. They were effectively 
shielded from each other by bringing leads out 
through separate grounded Inconel tubes and by 
proper location of the leads that pass through the 
pressure seal. 

For the measurement of the pressure of the gas in 
the conductivity cell, calibrated Bourdon gages were 
used. The requirement for accuracy on those gages 
was not great because the variation of thermal con- 
ductivity with pressure was much smaller than the 
change with temperature. 

3.2. Purity of Nitrogen 

The nitrogen used was extra-dry high-purity, 
obtained from the Linde Air Products Co., who 
stated that impurities did not exceed 100 ppm. 
Cryoscopic measurements made by G. F. Furukawa 
at the National Bureau of Standards with an adia- 
batic calorimeter showed liquid-soluble solid-in- 
soluble impurities to be about 10 ppm. The conduc- 
tivity cell was filled with this nitrogen, which had 
been passed through a silica-gel dryer and a filter 
made of glass wool. 

3.3. Procedure 

The general procedure was to set the furnace con- 
trols to the desired temperature, fill the conductivity 
cell with gas at the desired pressure, and put in a 
chosen electric power in the hotplate. With the cold- 
plate automatically regulated to a constant tempera- 
ture and the guard temperature automatically con- 
trolled to the temperature of the hotplate, the hot- 
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plate temperature became constant. After the 
capacitance between the two plates was measured, 
alternate measurements of electric power (IT) and 
temperature difference (At) between the plates were 
made until the constancy of their values indicated 
that a steady state had been reached. The power in 
the hotplate was then changed so that similar meas- 
urements were made at three or more powers. The 
gas pressure was then changed and measurements 
were repeated for each of the pressures 0.7, 50, and 
100 atm. All of these measurements were made at 
50°, 100°, 200°, 300°, 400°, and 500°. 

According to eq (2), the three quantities needed to 
determine the thermal-conductivity coefficient, 1% 
are the rate of heat flow, Q, the temperature differ- 
ence, At, and the direct capacitance, C, between the 
hotplate and coldplate. Each of these quantities is 
discussed in detail below. 

In order to obtain Q from W, the measured electric 
power in the hotplate, it is necessary to account for 
all heat flow from the hotplate other than by conduc- 
tion through the gas. The possible paths of this heat 
flow are (1) to the surrounding guard by conduction 
and convection through gas, conduction through 
lead wires, and radiation, (2) to the coldplate by con- 
vection, and (3) to the coldplate by radiation. 

Preliminary experiments were made to determine 
the heat-transfer coefficient between the guard and 
hotplate. Results of these experiments showed that 
an uncertainty in conductivity of less than 0.1 per- 
cent would be caused by a temperature difference 
between the guard and the hotplate of 0.001° C. It 
was found possible to control the temperature dif- 
ference automatically to about this value. 

The conductivity cell was designed to eliminate 
any convection currents. If convection does exist, 
it will cause an apparent change in the value of k 
with change in power input. At the lower gas 
densities, no such change was observed, and con- 
vection effects seemed absent. However, at the 
higher gas densities, k appeared to vary with power. 
The apparent k values were corrected by extrap- 
olating to zero power input. This apparent change 
in k with power is believed to be due to a " chimney "- 
type convection resulting from gas flowing into the 
space between the guard and coldplate and out of the 
holes (not shown in fig. 2) provided for electric leads 
in the top of the guard. It is expected that blocking 
of these spaces would have eliminated this effect. 

The heat transfer by radiation was accounted for 
by measurements with the cell evacuated. This 
power (W r ) transferred between two parallel plates 
can be expressed as 



W t =eAff(Ti-T$, 



(4) 



where e is an effective emissivity of the surfaces, A is 
an effective area, a is the Stefan-Boltzmann constant, 
and Ti and T 2 are the absolute temperatures. If the 
temperature difference, At, is small compared to the 
average temperature, T=0.5 (T 2 +T x ), then the 
transfer equation can be simplified to 



W T =± eAaT 3 At=BT*At. 



(5) 



The constant B was evaluated in preliminary experi- 
ments over the entire temperature range with the 
conductivity cell evacuated. The gas pressure in the 
cell in these experiments was estimated to be less 
than 10~ 5 mm of mercury. During the progress of 
the experiments with gas, the constant B was checked 
periodically at temperatures of 350° C and below to 
test for possible changes in emissivity with time. 
Higher temperatures were not rechecked for reasons 
to be discussed later with temperature measurement. 

The direct capacitance (C) between the hotplate 
and coldplate was measured by a substitution method 
using a calibrated standard and a Sylvania type 125 
capacitance bridge. The precision of the bridge 
reading was better than the certified accuracy of the 
standard capacitor. 

The capacitance, C, in eq (2) is that measured in 
vacuum. For measurements with gas in the cell, 
correction must be made for the dielectric constant. 
e, of the gas. e was determined by using the 
Clausius-Mosotti equation 



6-1 

6 + 2 



=Dp, 



(6) 



where D is a constant independent of temperature 
for nonpolar gases, and p is the gas density. The 
value used for D was 1953X10 -7 [1] 2 when p is in 
Amagat units [2]. Although the correction for the 
dielectric constant of the nitrogen may amount to 
1 or 2 percent at the highest densities, it is believed 
that the uncertainties in k due to this correction are 
less than 0.01 percent. 

Temperature measurements were made with the 
resistance thermometers in the coldplate and the 
guard, together with the four-junction thermopile 
between the guard and the hotplate. These resist- 
ance thermometers were calibrated by the NBS 
Temperature Measurements Section before assembly 
of the cell. It was found, however, that when the 
system was kept under high vacuum at temperatures 
above 400° C, the thermometer characteristics 
changed slightly. This was probably due to con- 
tamination of the platinum by other metals in the 
system. Such a change took place during the deter- 
mination of radiation corrections at 500° C. Rather 
than dismantle the apparatus to recalibrate the 
thermometers, it was thought that sufficient accuracy 
could be retained if the two thermometers were 
compared in place. In this way, the temperature 
difference would be known more accurately than the 
absolute temperature. This procedure is valid only 
because the evaluation of the temperature difference, 
At, is the important factor, whereas the change in 
thermal conductivity with temperature is small. It 
is estimated that after this procedure, the accuracy 
of the measurement of At was 0.002 deg C and of 
average temperature T was 0.01 deg C. 



2 Figures in brackets indicate the literature references at the end of this paper. 
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4. Results 

The results of the measurements are given in 
table 1. The first column gives the temperature of 
the experiment, which is the mean of the hotplate 
and coldplate temperatures. The second column 
gives the power (W) put into the hotplate (as meas- 
ured electrically) with nitrogen in the conductivity 
cell. Values of power W r , given in the third column, 
are based on experiments with the conductivity cell 
evacuated and are calculated from eq (5). These 
values are subtracted from the corresponding values 
of W to give Q, as used in eq (2). Over 40 experi- 
ments were made to determine the value of B in 
this equation. A value of 7?=4.90X10~ 12 w/deg 4 in 
this equation was found to fit the results best. The 
values of B calculated from the individual vacuum 
experiments deviated on the average about 4 per- 
cent from the above value, and seemed to be inde- 
pendent of temperature. Because the maximum 
values of W T are only 3 percent of the corresponding 
values of W, an error of 4 percent in B would cause 
a maximum error of only about 0.1 percent in 
conductivity k. 

The values of temperature difference At given in 
column 4 are based on measurements with the two 
resistance thermometers and the thermopile, which 
was used only as a "null" indicator. Column 5 
gives the values of capacitance (J (as used in eq (2)) 
between the hotplate and coldplate as determined 
at the same time and under the same conditions of 
the conductivity experiment. These values have 
been corrected for the dielectric constant of the 
nitrogen. 

The values of "apparent" thermal conductivity, 
&*, given in column 6, were calculated from eq (2). 
These values, when corrected to even temperatures, 
seem to be free from error due to convection in that 
they are usually independent of power, except at 
some of the highest pressures, as mentioned earlier. 
Because this effect is believed to be due to a chimney- 
type convection, it should diminish at lower power 
inputs. Therefore, the values of k* were extrapo- 
lated to zero power to give "true" conductivities, k. 
In the worst case, at 100-atm pressure and 50° C, 
the extrapolation is over a large range of values of 
&*. However, it is believed that this extrapolation 
should introduce only a relatively small error. The 
results from the three experiments at different powers 
were fitted by the method of least squares to a 
linear equation in power. The maximum deviation 
of the observed values of fc* in this linear equation 
was only 0.28 percent, so that it is believed that the 
linear extrapolation was adequate. 

At low pressures the effect of temperature discon- 
tinuity near the walls may become significant. This 
has been taken into account for the 0.7-atm data by 
use of the equation 



*0+S> 



(7) 



Table 1. Experimental results on nitrogen 
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The "temperature-jump distance", g, is related to 
the "accommodation coefficient", a, by the relation 
[16]: 

in which R is the gas constant, T the absolute tem- 
perature, k the thermal conductivity, C v the con- 
stant-volume specific heat, 7 the specific-heat ratio, 
and P the pressure of the gas. Values of a for nitro- 
gen on silver vary from about 0.8 at room tempera- 
ture to 0.4 at 800° C [6]. The value of 0.5 was 
chosen as the most probable for the temperature 
range of these experiments. 

Values of observed conductivity k, corrected to 
even temperatures, are listed in column 2 of table 2. 
In order to facilitate interpolation of the results be- 
tween the observed points, empirical equations were 
derived to give conductivity as a function of tem- 
perature at each of the three pressures. These 
equations are as follows: 



k = 1.0o9rj 



(*+**) 



(pressure, 0.7 atm), (9) 



10 4 & = 2.714 + 0.005897/ 



1 4 & = 3. 161 + 2.9317 X 10" 3 <+9.0761 X10~H 2 - 
8. 8318X10-¥ (pressure, 100 atm) 



(pressure, 50 atm), (10) 
(11) 



In these equations, k is in watts cm -1 deg -1 , t is in 
(leg C, rj is viscosity (poise), C v is heat capacity 
(j g _1 deg" 1 ), at constant volume, and K is the gas 
constant (8.317/28.016 j g" 1 deg-*). The values of 
viscosity and heat capacity used in eq (9) were ob- 

Table 2. Thermal conductivity of nitrogen 





Conductivity, k 


Observed 


Temper- 
ature 




minus 
calculated 








Observed 


Calculated 




Pressure, 0.7 atm 




10 -4 w/cm 


10 -4 w/cm 




C 


deg 


deg 


07 

/o 


50 


2.794 


2.818 


-0.9 


100 


3.129 


3.131 


-.1 


200 


3.750 


3.727 


+.6 


300 


4.308 


4.308 


.0 


400 


4. 836 


4.857 


-.4 


500 


5.430 


5.381 


+.9 


Pressure, 50 atm 


50 


3.003 


3.009 


-0.2 


100 


3.303 


3.304 


.0 


200 


3. 905 


3.893 


+ .3 


300 


4.477 


4.483 


-.1 


400 


5.075 


5.073 


.0 


500 


5.660 


5.662 


.0 


Pressure, 100 atm 


50 


3.340 


3.329 


+0.3 


100 


3.513 


3.536 


-.6 


200 


4. 060 


4.040 


+.5 


300 


4.612 


4.619 


-.1 


400 


5.218 


5.221 


.0 


500 


5.794 


5.792 


.0 



tained from NBS Circular 564 (Nov. 1955), which 
tabulates heat-transport properties for a number of 
gases. The constants of these equations were 
obtained by the method of least squares. Values 
of k given in column 3 of table 2 are calculated from 
these equations. Column 4 gives the deviations 
of the observed results from these calculated values. 
The results are also given in figure 3, where the 
circles represent observed values and the solid lines 
the values from the above equations. 

The empirical eq (10) and (11) fit the observed 
values at 50- and 100-atm pressure, respectively, 
almost as well as would be expected from the pre- 
cision of the data. The average deviation of eq 
(10) (which is linear in t) from the observed conduc- 
tivities is only 0.1 percent, with a maximum devi- 
ation of 0.3 percent. The deviations from eq (11) 
are also quite small except below 200°C, where 
there was increased difficulty, both experimentally 
and in fitting the observed points with an equation. 
The deviations of eq (9) from the observed values 
seem to be larger than can be attributed to experi- 
mental errors. Equation (9) is the same semi- 
empirical equation proposed by Eucken [3], except 
for the constant factor. A factor of 1.059 was 
found to fit the present data, as compared to a factor 
of 1 originally proposed by Eucken. More recent 
modifications of Eucken's equation by other in- 
vestigators generally have predicted a value slightly 
greater than 1. An alternative equation for 0.7 
atm, which fits well up to 400°C, and which may be 
easier for use in numerical interpolation in this 
region, is 

£ = 2.495 X 10- 4 + 6.366X10- 7 ^- 1.065 X10" 10 * 2 , (12) 
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P = IOOatm 
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f k = 2.7l4 + 0.005897 f 
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Figure 3. Thermal conductivity of nitrogen. 
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where k is in w cm -1 cleg"" 1 , and t is in deg C. Al- 
though all of these equations are suitable for inter 
polation at their respective pressures, they may not 
be valid for extrapolation beyond the experimental 
range. Equation (9) is probably the most suitable 
for extrapolation to higher temperatures. 

5. Discussion of Results 

5.1. Accuracy 

In order to estimate the accuracy of the final 
results, it is necessary to consider the effect of each 
of the terms in the conductivity equation 



k= 



0.08855 UQ 



CM 



The constant 0.0885516 is a conversion factor bo 
allow for the system of units. It has negligible 
uncertainty in its use here. Some possible sources 
of error in the measured capacitance, (\ are the 



capacitance between electric leads and the relatively 
Large capacitance to ground (the guard is grounded) 
of the hotplate and cold plates. The electric leads 
were carefully shielded to avoid significant error 
from this source. The effect of the ground capac- 
itance is largely eliminated by the design of the 
bridge used in its measurement. Use of a substitu- 
tion method that compares the conductivity-cell 
capacitance with that of a standard capacitor 
minimizes a number of possible errors. By using 
this method, it is believed that this comparison is 
accurate to better than 0.1 percent. The absolute 
value of the standard capacitor is certified by the 
NBS (with a high probability) to only 0.3 percent. 

In the experiments with nitrogen, the effect of 
the dielectric constant of the gas must be con- 
sidered. It is estimated that uncertainty in the 
value of the dielectric constant of nitrogen is less 
than 0.01 percent, giving the same uncertainty in 
C and k. The total uncertainty in the capacitance 
measurement is believed to he about 0.3 percent. 
This is the largest uncertainty in most of the meas- 
urements, and it is based on 1 chance in 10 that 
the error will he larger than 0.3 percent. 
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Figure 4. Comparisons with others. 
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Schottky; A, Rothman and Bromley; <8>, Michels and Botzen; □, Stops; +, Lenoir and Comings. 
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The factor Q in eq (2) is evaluated from the two 
powers W and W r . The electrical measurement of 
W is believed to have negligible error. The un- 
certainty in the value of W T determined from vacuum 
experiments is estimated to be less than 0.1 percent, 
except at the highest temperatures, where it may 
be as large as 0.1 to 0.2 percent. It is possible that 
the vacuum experiments do not account completely 
for all heat flow (other than Q) from the hotplate 
during the gas experiments. This may be due to 
imperfect matching of the guard temperature to the 
hotplate temperature. It is estimated that the 
error from this source is less than 0.1 percent. 

The measurement of At, which has been discussed 
earlier, has an estimated uncertainty of 0.002 deg 
C. This introduces uncertainties in the values of k 
of from 0.02 to 0.2 percent, depending on the mag- 
nitude of At. The uncertainty in the temperature 
scale, estimated to be about 0.01 deg C, is believed 
to introduce negligible error in k. 

In estimating the over-all accuracy of the results, 
the authors believe that with most of the results, 
there is only 1 chance in 10 that the true conductivity 
values will deviate more than 0.5 percent from the 
observed values given in table 2. In the case of a 
few values at the highest pressures, it is believed 
that this tolerance might be increased b} T as much 
as 1 percent. 

5.2. Comparison With Others 

A comparison of the results of this investigation 
with the observed conductivity values from some 
other recent researches is given in figure 4. No 
attempt was made to include in the figure all the 
available data at low temperatures and low pressures, 
although all known high-pressure data are given. 
The data are plotted as deviations from eq (9), (10), 
and (11), which represent the NBS data for the three 
pressure ranges. At low pressures (approximately 1 



atm), Frank [4] and Schottky [5] made measurements 
up to 500° C, Rothman and Bromlev [6] up to 800° 
C, Stops [7] up to 1,020° C, Michels and Botzen [8] 
up to 75° C, and Vargaftik and Oleschuk [9] up to 
541° C. Keyes and Sandell [10] have also made 
measurements up to 400° C at various pressures. 
Their results are not shown here because the}- believe 
their conductivity values to be too low over most of 
the temperature range. Later observed values of 
Keyes [ll]uptol50°C are shown. Further measure- 
ments by Keyes [12] have been made up to about 
350° C, but no observed values of conductivity have 
been published. At higher pressures, Michels and 
Botzen [8] made measurements up to 2,500 atm and 
75° C, Stolvarov, Ipat'ev, and Teodorovich [13] up 
to 300 atnTand 300° C, Vargaftik [4] up to 90 atm 
and 62° C, and Lenoir and Comings [15] up to 200 
atm at 41° C. As in the low-pressure measurements, 
the results of Keyes and Sandell are not shown, 
although later results of Keyes are given up to 100 
atm and 50° C. 
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